In a charge-transfer (CT) transition, electron density moves from one end of the molecule (donor) to the other end (acceptor). This type of transition is of paramount importance in nature, for example, in photosynthesis, and it governs the excitation of several protein biochromophores and luminophores such as the oxyluciferin anion that accounts for light emission from fireflies. Both transition energy and oscillator strength are linked to the coupling between the donor and acceptor groups: The weaker the coupling, the smaller the excitation energy. But a weak coupling necessarily also causes a low oscillator strength possibly preventing direct excitation (basically zero probability in the noncoupling case). The coupling is determined by the actual spacer between the two groups, and whether the spacer acts as an insulator or a conductor. However, it can be difficult or even impossible to distinguish the effect of the spacer from that of local solvent molecules that often cause large solvent shifts due to different ground-state and excited-state stabilization. This calls for gas-phase spectroscopy experiments where absorption by the isolated molecule is identified to unequivocally establish the intrinsic molecular properties with no perturbations from a microenvironment. From such insight, the effect of a protein microenvironment on the CT excited state can be deduced. In this Account, we review our results over the last 5 years from mass spectroscopy experiments using specially designed apparatus on several charged donor−acceptor ions that are based on the nitrophenolate moiety and π-extended derivatives, which are textbook examples of donor−acceptor chromophores. The phenolate oxygen is the donor, and the nitro group is the acceptor. The choice of this system is also based on the fact that phenolate is a common structural motif of biochromophores and luminophores, for example, it is a constituent of the oxyluciferin anion. A presentation of the setups used for gas-phase ion spectroscopy in Aarhus is given, and we address issues of whether double bonds or triple bonds best convey electronic coupling between the phenolate oxygen and the nitro group, the significance of separating the donor and acceptor spatially, the influence of cross-conjugation versus linear conjugation, and along this line ortho versus meta versus para configuration, and not least the effect of a single solvent molecule (water, methanol, or acetonitrile). From systematic studies, a clear picture has emerged that has been supported by high-level calculations of electronically excited states. Our work shows that CC2 coupled-cluster calculations of vertical excitation energies are within 0.2 eV of experimental band maxima, and importantly, that the theoretical method is excellent in predicting the relative order of excitation energies of a series of nitrophenolates. Finally, we discuss future challenges such as following the change in absorption as a function of the number of solvent molecules and when gradually approaching the bulk limit.
INTRODUCTION
Some of the most important electronically excited states in nature are the charge transfer (CT) states. They form the basics of photosynthesis allowing for charge-separation processes crucial for conversion of solar energy into chemical energy. 1 They govern the photophysics of many protein biochromophores and bioluminophores. Examples include the thioester derivative of the p-coumaric acetate chromophore located within the photoactive yellow protein (PYP), 2 the protonated Schiff base retinal in rhodopsin proteins involved in visual perception, 3 and the oxyluciferin anion within luciferase responsible for light emission from fireflies. 4 In the latter, the molecular anion is formed in its CT state biochemically and not from light absorption that otherwise could directly or indirectly lead to it.
The degree of CT character of an electronic transition differs significantly between chromophores and is modulated by a nearby environment. The weaker the coupling between the donor and acceptor ends, the smaller is the excitation energy ( Figure 1 ). However, in the case of no coupling ("pure" CT state), the oscillator strength decreases to zero. In such situations or where coupling is weak, the CT state will not be populated directly by light absorption; it is a so-called dark state. Instead its formation proceeds via population of a higherlying bright state that then couples to the CT state in an internal conversion (IC) process. This overall process is denoted light-induced electron transfer and should not be confused with direct CT excitation (Figure 2 ). In the present work, we focus on the latter.
Many protein chromophores and luminophores possess a phenolate moiety as the donor group and various acceptor groups. To model the physics of such systems, we studied nitrophenolate anions (Figure 3 ). In all these ions, the phenolate oxygen is the donor and the nitro group is the acceptor. However, as discussed in the following, the degree of coupling differs significantly between them, which is revealed as differences in absorption band maxima. It is the spacer between the two groups that controls the electronic coupling and as a result determines the transition energy and oscillator strength. The spacer can be thought of as the molecular analogue of a resistor between the donor and acceptor. In the meta-isomer 1, the two groups are cross-conjugated relative to each other, while they are linearly conjugated in ortho-and para-isomers 2 and 3. A cross-conjugated pathway between two groups involve two consecutive single bonds; that is, a double bond will branch off along the path being traversed (Figure 4 ). Influence of cross-conjugation versus linear conjugation in extended nitrophenolates is also revealed by comparing properties of the ethylene-bridged chromophores 4 and 5 and the diethynylethene-bridged chromophores 6 and 7. Comparison of the stilbene derivative 5 and the tolane derivative 8 sheds light on the difference between an alkene and alkyne spacer. Finally, in the progression 3−9−10, the donor and acceptor are separated by an increasing number of phenylene units, which allows for elucidating the distance dependence and decoupling by deviations from planarity (ortho H,H clash in biphenyls).
To fully comprehend the photophysics of these ions, it is important to study them free of an environment, as nearby solvent molecules may perturb the electronic structure in nonobvious ways. One approach is to characterize the chromophores spectroscopically in solvents of decreasing polarity and thereafter extrapolate to vacuum. Several solvent polarity scales exist based on the energy of inter-or intramolecular CT transitions, such as the Dimroth−Reichardt E T (30), 5 the Z-scale, 6 the π*-scale, 7 and scales taking into account H-bond interactions. 8 The situation is more difficult when the aim is to correlate the CT energy of charged nitrophenolates with solvent polarity. Ionophores are not easily dissolved in nonpolar solvents and even then there are field effects from counterions. Instead, we have turned to gas phase spectroscopy using specialized apparatus developed in Aarhus.
INSTRUMENTAL SETUPS FOR GAS-PHASE ION
ABSORPTION SPECTROSCOPY From a technical point of view, gas-phase spectroscopy differs in one way significantly from solution-phase spectroscopy: by the number and number density of absorbing species present in the sample. Solutions of chromophores are colorful as they absorb visible light. It is therefore straightforward to record the decrease in light intensity versus wavelength with a conventional UV/vis spectrometer. A similar experiment on massselected ions isolated in vacuo is difficult, if not impossible, as the number of absorbers is too low to cause a measurable change in the light intensity. Instead, absorption is indirectly determined from the dissociation of ions after excitation. Either charged or neutral fragments are measured or/and photoelectrons for anions. This technique is coined action spectroscopy. A specialized apparatus is needed that is based on the combination of mass spectrometers and lasers.
We emphasize that there are several weaknesses as the technique relies on a number of assumptions: (1) The light emission quantum yield is assumed insignificant or constant within an absorption band. (2) Dissociation should occur on the relevant time scale of the experiment. (3) In cases where time constants for dissociation cannot be measured, either the dissociation should be complete within the window for sampling dissociation, or the rate constants should only have a weak dependence on excitation energy to reduce the role of kinetic shifts.
We have used two setups for gas-phase spectroscopy, allowing for studies on negatively charged phenolate species 9−13 as well as on individual donor and acceptor molecular ions.
14 The experiments are briefly presented in the following; for more detail we refer to refs 15 and 16. Ions are produced in gas phase by electrospray ionization and stored in a multipole ion trap. Here, either they thermalize in collisions with helium atoms, or they react with solvent molecules to form complexes. The trap is emptied at a certain repetition rate, and all ions are accelerated to high kinetic energies (keV). Ions of interest are then selected by an electromagnet according to their mass-to-charge ratios (m/z). This is a clean experiment in the sense that spectroscopy is performed only on ions with the right m/z, in contrast to solution-phase experiments where all absorbing species in the solution contribute to the decrease in light intensity.
The first setup (I) is a sector instrument where photofragment ions formed within microseconds after photoexcitation are mass-analyzed with an electrostatic analyzer and counted by a channeltron detector ( Figure 5 , top). Ions from the trap are injected into the sector field every 25 ms, and every second ion bunch is irradiated to distinguish the yield of fragment ions formed by photoexcitation from that due to unimolecular decay of metastable ions and collision-induced dissociation in the beamline. The branching ratios for the different fragmentation channels can be measured as a function of excitation wavelength.
The second setup (setup II) is a storage ring that is used to sample dissociation on longer time scales (tens of microseconds to tens of milliseconds) ( Figure 5 , bottom). Ions are injected in the ring and stored by its electrostatic elements. An ion circulates until it changes its m/z as a result of fragmentation. Neutrals produced in one side of the ring opposite to the side where photoexcitation is done are monitored by a microchannel plate detector (MCP) (delayed dissociation). Photoexcitation leads to an increased yield of neutral products, and from the trace of fragments the dissociation time constants are established at each wavelength within the absorption band. These are used to obtain numbers for the ions that are photoexcited by the laser pulses, on a relative and not absolute scale. 17 It is also possible with this setup to measure neutral products formed in the same side where photoexcitation is done to identify fast or prompt processes such as electron detachment; the detector is here a secondary emission detector (SED) and is a channeltron that detects released electrons from a glass plate due to neutrals impact. 18 The ion trap is emptied every tenth of a second which is the same repetition rate as that of the laser.
For experiments at both setups, corrections are done for ion beam fluctuations based on the yield of fragments not due to photoexcitation (this number is proportional to the actual number of ions) and for the number of photons in the laser pulse.
The laser system is pumped by a Nd:YAG laser where the fundamental is frequency tripled to 355 nm. This light is injected into an optical parametric oscillator (OPO) to generate visible and infrared light (420−2300 nm). To produce light with lower wavelengths, the proper OPO output (visible or IR) is frequency doubled in a barium borate (BBO) crystal. The laser is operated at a frequency of 20 and 10 Hz in experiments at setup I and setup II, respectively.
RESULTS

Comparison between Experimental Absorption Band Maxima and Calculated Vertical Excitation Energies
We shall first compare our experimental and theoretical data on the nitrophenolates as summarized in Table 1 . The coupledcluster CC2 theoretical model was used for all ions and timedependent density functional theory (TDDFT) for a selected few.
First, the trend in experimental absorption band maxima is exactly the same as that predicted by CC2. Second, the correlation between experimental and CC2 values is excellent, both for bare and microsolvated ions ( Figure 6 ). The maximum deviation is 0.2 eV or about 10% of the excitation energy, but in most cases the agreement is much better. For 4 and 6, we have not achieved experimental data (vide infra) and instead rely on the CC2 data. Fortunately, the good correlation between theory and experiment makes this approach reliable. Finally, it is evident that TDDFT performs worse than CC2 in the few cases where we have data, which is not surprising as TDDFT is known to have problems with CT excitations. 19 Indeed, the deviation is largest for 10 with the lowest excitation energy (highest CT character). In the following, we discuss the data as a function of molecular structure.
meta-Nitrophenolate and the Effect of a Single Solvent Molecule
One of the simplest donor−acceptor systems is 1, and this ion absorbs visible light with maximum at 530 nm (2.34 eV) ( Figure 7 ). 12 After photoexcitation there are four competing dissociation channels corresponding to formation of NO 2 − , loss of CO and NO, loss of NO 2 , and loss of NO (Figure 8 ). The photoyields of each of the four fragment ions were recorded as a function of wavelength and summed to give the action spectrum shown in Figure 7 . This spectrum is taken to represent the absorption spectrum of 1 in vacuo. If instead neutral products formed within the first 10 μs after photoexcitation are measured using setup II, the band is slightly skewed toward the blue by about 0.05 eV due to electron photodetachment. The vertical detachment energy is calculated to 2.98 eV, and detachment via the electronically excited state therefore only plays a role on the blue side of the absorption band. We estimate an uncertainty in the band maximum of about 0.05 eV. Often a chromophore is located in a hydrophobic protein pocket that provides shielding against bulk water. There is limited access to water molecules, maybe just one or two are present. 20 Hence it is relevant to understand the change in chromophore color by specific interactions with immobile waters or with charged or polar groups, 21 which is one of the most important motivations for gas-phase spectroscopy of microsolvated ions described in the following.
In the case of 1, we found that the attachment of a single molecule, water, methanol, or acetonitrile, leads to a blue-shift of the band by 0.22, 0.22, and 0.11 eV, respectively ( Figure  7) . 12 Action spectra were recorded with setup I by sampling the loss of the solvent molecule, which is by far the dominant dissociation channel (Figure 8b ). The shifts are smaller than the solvent binding energies (0.54, 0.65, and 0.50 eV for water, methanol, and acetonitrile, respectively) as expected, since there must be a favorable interaction between the ion and the molecule both in the electronic ground and excited states. Movement of electron density away from the phenolate oxygen, where the water molecule is located, toward NO 2 explains the blue-shift (Figure 9 ) as the water binds stronger to the ion in the ground state than in the excited state. If the excitation were instead a localized π−π* transition, a red-shift would be expected due to the higher polarizability in the excited state than in the ground state. It is also evident that a protic solvent molecule causes larger perturbation than a nonprotic one despite similar binding energies. The blue-shift measured for attachment of water to phenolate is similar to that earlier observed for the oxyluciferin anion (0.2 eV) 22 and slightly higher than that calculated for the PYP chromophore anion (0.06 eV); 23 both have the phenolate moiety as mentioned earlier.
In Figure 7 , the absorption by 1 in bulk acetonitrile solution is also shown. The band maximum is at 2.62 eV, that is, blueshifted by 0.28 eV. 12 Interestingly, a single acetonitrile molecule accounts for a significant part of the total blue-shift. In bulk water and methanol, maxima are at 3.18 and 3.20 eV. Hence, full solvation in these two solvents results in larger shifts than in acetonitrile, which is probably linked to two or three H-bond interactions between the phenolate oxygen and water or methanol molecules thereby rendering the CT rather costly.
ortho-and para-Nitrophenolates
Both experiment and theory find larger excitation energies for 2 and 3 than for 1 by 0.6−0.8 eV (Table 1) . 11 At first it seems counterintuitive that the stronger π-electron delocalization in these two ions (cf., resonance structures in Figure 10 ) results in higher CT energies. It is, however, important to remember that indeed larger π-electron delocalization lowers the excitation energy of a local ππ*. This is borne out by the decreasing HOMO−LUMO gap of conjugated oligomers as the number of monomer units increases. 24 But a CT is not a local excitation; it is one where the HOMO and LUMO are located at different ends of the molecule. The coupling between donor and acceptor in 2 and 3 is strong, and therefore the excitation energy is high according to the picture in Figure 1 . The strong coupling in the ortho and para derivatives is in line with mesomeric effects in textbook organic chemistry: the hydroxy group is a strongly activating and ortho-para-directing group in electrophilic aromatic substitution of phenol, such as nitration. Experimental and quantum-chemical studies on methyl coumarates reveal similar behavior: meta-methyl coumarate exhibits a lower-energy CT absorption relative to the push−pull ortho-and para-isomers.
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Cross-Conjugation versus Linear Conjugation meta-Nitrophenolate 1 presents an example of donor and acceptor ends being connected in a cross-conjugated arrangement. Thus, the two groups are not connected by alternating single and double bonds (linear conjugation) as in the orthoand para-nitrophenolates (2 and 3). The geminally 1,1-disubstituted ethylene 4 is another example of a crossconjugated molecule, while the trans 1,2-disubstituted ethylene 5 has donor and acceptor placed in linear conjugation. X-ray crystallographic analysis of the neutral phenol of 4 reveals that the two aryl groups are not coplanar with the central ethylene group, 13 causing an additional decoupling of donor and acceptor ends. Instead, the diethynylethene-extended molecules 6 and 7 are fully planar according to calculations. The decoupling in both 4 and 6 is so significant that it was impossible to measure a CT band by solution-phase spectroscopy. Gas-phase spectroscopy was attempted for 4, but it seems that absorption is outside the region of measurement or simply that the oscillator strength is too low. Instead, we turned to calculations: CC2 calculations reveal very low oscillator strengths for this transition in 4 (0.01) and 6 (0.06). The CT maximum of 4 was calculated to be 761 nm (1.63 eV), which is red-shifted by 0.4 eV relative to the value for 5 (613 nm, 2.02 eV). This reduced excitation energy is explained by decoupling on account of both cross-conjugation and nonplanarity (the structure of 4 is nonplanar while that of 5 is). The poor electronic communication in 4 is evident from the localized HOMO and LUMO shown in Figure 11 , while the orbitals of the linearly conjugated chromophore 5 are spread over both ends of the ion. Similarly, the cross-conjugated and now planar chromophore 6 exhibits a reduced excitation energy (886 nm, 1.40 eV) relative to that of the linearly conjugated 7 (736 nm, 1.69 eV). We note that inefficient electron delocalization via cross-conjugation was also established from studies on oligoenes, so-called dendralenes, 26 as well as from systems undergoing photoinitiated charge separation corresponding to the pathway outlined in Figure 2b . 27 
Alkene versus Alkyne Bridge
The experimental gas-phase spectrum of the tolane derivative 8 displays a maximum at 695 nm (1.78 eV), while the stilbene derivative 5 absorbs at 685 nm (1.81 eV) (Figure 12 ). 10 Similarly, CC2 calculations reveal that the absorption band maximum of 8 is red-shifted relative to that of 5 (by 0.08 eV). When comparing instead absorption properties in methanol solution of the corresponding sodium salts, it was found that 8 had a maximum (408 nm, 3.04 eV) blue-shifted relative to that of 5 (435 nm, 2.85 eV). Thus, solvation effects can mask the intrinsic effect exerted by a bridging unit, and when comparing absorption results for alkyne-and alkene-bridged donor− acceptor compounds from literature, 28 conflicting conclusions would be drawn with respect to which spacer conveys electronic communication most efficiently. The clear-cut result obtained by studying isolated molecules with no interfering solvent molecules, that is, an alkyne conveys the communication less efficiently than an alkene, is in accordance with molecular conductance studies on single molecules: Oligo-(phenylenevinylene)s exhibit higher conductance than oligo-(phenyleneethynylene)s.
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Oligo(phenylene) Bridges
Comparison of chromophores 3, 9, and 10 shows the effect of adding phenylene units in the spacer. Thus, concomitant redshifts in absorption is observed when proceeding from one benzene ring (3, 393 nm), to a biphenyl (9, 541 nm), to a terphenyl (10, 775 nm). 9 These red-shifts are reasonably explained by a combination of electronic decoupling of donor and acceptor due to the nonplanar structures of 9 and 10 (as a result of ortho-H,H steric interactions between the aryls) and a raising of the HOMO energy and a decreasing of the LUMO energy due to extended conjugation in each end of 9 and 10.
CONCLUSIONS AND OUTLOOK
By elucidating the intrinsic optical properties of a large selection of nitrophenolate chromophores by gas-phase action spectroscopy and quantum chemistry, it has been demonstrated clearly and in a well-controlled way that the CT excitation energy decreases with electronic decoupling between donor and acceptor as a result of either cross-conjugation or nonplanarity. This effect is not always obvious from solutionphase studies where both solvent polarity and counterion effects play a role. Knowledge on intrinsic molecular properties in the absence of interfering solvent molecules is particularly important in biochemistry and for the design of molecules for single-molecule electronics, which is a field where the concept of linear versus cross-conjugation has been recognized as a structural motif for controlling molecular conductance.
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While absorption by several bare nitrophenolates was studied in great detail, much less work has been done on microsolvated ions. It is limited to 1, and only the effect of a single molecule was explored. As solvent molecules are gradually attached to the charged end of the chromophore, a blue-shift in the absorption is expected. However, solvation of the nitro group can lead to red-shifts as the photoactive electron moves closer to the dipoles at this end. Indeed, calculations predicted red-shifts of 0.27 and 0.25 eV for the placement of methanol and acetonitrile at the nitro group, respectively. 11 A smaller redshift of 0.07 eV was reported for the PYP anion when a water was bound to the acceptor end. 22 The absorption should of course converge toward that in bulk solution but it is possible that on the way both blue-shifts and red-shifts are encountered. The stepwise absorption changes as a function of the number of solvent molecules are very interesting to follow. Unfortunately, it is complicated experimentally to do this due to weak parent ion currents. However, theory has shown to describe these systems quite well, and computations are therefore a viable first approach.
Studies of microsolvation effects for other anions would also be worthwhile. Consider, for example, 2 or 3: Is the absorption by para-nitrophenolate 3 with one water attached blue-shifted or red-shifted compared to the bare ion? Considering that electron density moves away from the phenolate oxygen toward NO 2 upon excitation, the answer is a blue-shift (see Figure 9 ). On the other hand, the solvent molecule localizes the charge at the phenolate oxygen in the ground-state structure and thereby makes the electronic structure more meta-like (the resonance formula to the right in Figure 10 diminishes in importance). If considering this decoupling of the HOMO and LUMO to be most important, the answer is a red-shift! No matter what effect is the strongest, a local solvation of 3 is expected to give a smaller overall change in absorption than that of 1 because of the two opposing effects. This raises another question: Is it possible by proper solvation of the phenolate oxygen to give 1 and 3 the same color? Finally, the ortho isomer 2 may behave in a third way: A water molecule can bridge the two substituents, and it is not obvious whether the resulting shift in absorption is to the blue or to the red. Experiments attacking these questions are planned by our groups.
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